ABSTRACT
INTRODUCTION
Completion of the human (and other) genome projects has stimulated renewed interest in defining gene function. Functional genomic technologies, such as gene knock-outs or transgenic models, are essential tools to fulfill this task. At the same time, the relevance of single gene approaches is often limited since gene functions may depend on complex protein interactions and network structures. Therefore novel techniques aimed at the simultaneous exploration of various genes by either ectopic expression or targeted downregulation are of great interest. Lentiviral vector systems have found broad application as convenient gene transfer instruments ensuring stable cDNA expression [1, 2] . Derived from viruses belonging to the lentivirus genus of complex retroviruses, they allow the efficient transduction of various target tissues, including non-cycling cells and developing zygotes [1, 3] . Moreover, they facilitate introduction of shorthairpin RNA (shRNA), which is processed into shortinterfering RNA (siRNA), for specific suppression of a gene of interest [4] . The simultaneous introduction of (various combinations of) different vectors is an interesting option for analyzing intracellular networks. Important applications would be investigating the role of transcription factors during development and differentiation, or the combinatorial effects of genetic lesions in malignant transformation [5, 6] . In order to obtain unequivocal results in dual-transduction protocols, gene-modified cells should be clearly identifiable. Although many fluorescent markers are available [7] , only a limited number have been incorporated into lentiviral vectors. Furthermore, expression levels of marker genes are often hampered in more complex vector designs.
Here we introduce a "multi-color" panel of lentiviral vectors designed according to the Lego ® "building blocks" principle. Each vector allows expression of one transgene of interest and/or a shRNA of choice and, in addition, a fluorescent marker protein for identification and/or selection of transduced cells. To permit simultaneous analysis of multiple genes, a large spectrum of fluorescent marker genes has been used, including eGFP/BSD and dTomato/BSD fusion genes, which combine the advantages of both fluorescent and drug-selectable marker genes. We show that these vectors are useful for concurrent over-expression as well as suppression of various genes, thus allowing gene function studies in a variety of target cells. In accordance with their design and envisioned application for analysis of gene networks, we have named our constructs Lentiviral "Gene Ontology" (LeGO) vectors.
RESULTS

Development of Lentiviral Gene Ontology vectors (LeGO vectors)
In order to establish efficient tools for analyzing gene functions and networks, our aim was to develop a novel set of lentiviral vectors that permit 1) efficient transfer and expression in a wide spectrum of cell types; 2) functional and simultaneous analysis of both gene expression and silencing; 3) efficient and versatile "tracking" methodology, allowing the unequivocal identification of cells transduced with one or multiple vectors; and 4) flexibility, as with "building blocks" -facilitating the exchange of expression cassettes using a defined combination of restriction enzymes identical for each vector.
To fulfill these requirements, we redesigned a previously published third-generation lentiviral vector (LentiLox 3.7) [4] . Third-generation lentiviral vectors do not encode any viral proteins but contain cis-active elements for packaging, reverse transcription and integration [2] . This design not only incorporates safety features, but also provides space for up to 9 kb of foreign sequences. The original LentiLox construct contains an RNA pol-III promoter of the U6 RNA gene for the expression of shRNAs and the cytomegalovirus (CMV) pol-II promoter, driving the expression of the eGFP marker gene (Fig. 1a) . The shRNA expression cassette is flanked by unique cloning sites that allow either the simple swamping of shRNA cassettes from the pSUPER system developed by Brummelkamp and colleagues [8] or the deletion of the cassette entirely (Fig.  1a) .
To facilitate the use of the vector for simultaneous transgene expression (in addition to the marker gene) and to ensure higher expression levels in a wide spectrum of cell types, several changes were made (Fig. 1a) . In a first step, the CMV promoter in the original construct was replaced with the retroviral enhancer/promoter of spleen focusforming virus (SFFV), which has a broad and high expression pattern, especially in cells of the hematopoietic compartment [9] . Next, an encephalomyocarditis virus (EMCV) internal ribosome entry site (IRES) [10] , preceded by unique cloning sites, was introduced in front of the marker gene to facilitate co-expression of a transgene directly behind the SFFV promoter. Since a gene located behind the IRES is expected to be translated with lower efficiency than the one in front, such conformation ensures high-level expression of the transgene to be investigated (rather than the marker gene). In all vectors, the SFFVpromoted expression cassette is flanked by loxP sites to allow excision after introduction of the CRE recombinase.
Finally, the above configuration was used to develop a panel of vectors, each expressing a different marker gene. As we wanted to use these vectors in a variety of cell systems, but also have the option of using several vectors simultaneously, a battery of 11 different fluorescent markers were used (Fig. 1c) -each with its distinct advantages and disadvantages in fluorescence-activated cell sorting (FACS) and fluorescence microscopy [7] . In addition, to also take advantage of the selection pressure and efficiency of in vitro drug selection, we generated fluorescent fusion proteins coupled with a deaminase that confers resistance to Blasticidin-S. An overview of the different vectors, which we call Lentiviral Gene Ontology (LeGO) vectors in accord with the "building-block" design, is given in Fig. 1a and b. The initial construct (LeGO-G) was derived from pLentiLox3.7 [4] . The first group of "LeGO-G" type vectors all express eGFP, either as a single, removable (using the loxP/Cre system) marker gene to ensure efficient detection (e.g. LeGO-G and LeGO-G2) or in conjunction with a gene of interest via an IRES (LeGO-iG2 and LeGO-iG). The most sophisticated construct LeGO-iG allows co-expression of a gene of interest and an shRNA of choice together with the fluorescent marker. (b) Based on the modular design of LeGO vectors and the inclusion of single restriction sites, any element of interest can easily be removed or replaced by a related structure in the master constructs. In particular, the shRNA cassette can directly be exchanged with a pSUPER cassette using XbaI/ XhoI cloning. (c) All basic constructs (e.g. LeGO-G), in addition to several others, are available with the 11 listed (fluorescent) marker proteins. CMV, cytomegalovirus enhancer/promoter; cPPT, central polypurine tract; EmGFP, emerald green fluorescent protein; eYFP, enhanced yellow fluorescent protein; RRE, rev-responsive element; SFFV, spleen focus-forming virus enhancer/promoter; SIN-LTR, selfinactivating-long-terminal repeat; MCS, multiple cloning site; wPRE, Woodchuck hepatitis virus post-transcriptional regulatory element.
LeGO vectors could be produced at high titers and facilitate transduction of various cell types Using a variety of different cell lines and primary cells, we confirmed that the vector panel described above allows efficient marking of transduced cells. First we established that the SFFV promoter provided higher expression levels of the marker gene, particularly in blood cells, as compared to the original CMV promoter (Fig. 2a) . We then tested the different fluorescent markers to assess whether expression is sufficient to ensure detection by fluorescence-activated cell sorting (FACS) and fluorescence microscopy. An exemplary analysis of the expression of five different reporter genes in 293T cells is illustrated in Figures 2b and c. Although there are significant differences in the mean fluorescence intensity (MFI) between the different fluorescent markers (which reflects the different characteristics of the used fluorescent proteins [7] ), all markers were well detectable using standard FACS devices. In Fig. 2b we present plots showing low to intermediate gene transfer rates associated with low-copy number vector integrations [11] . Nevertheless, the used markers allowed clear discrimination of transduced cells. Also, gene-modified cells were well identifiable by fluorescence microscopy (Fig. 2c) . Similar results were obtained for Ba/F3 cells (data not shown). It is important to note, that the detectibility of some colors may be further improved on both flow cytometers and fluorescence microscopes, by using optimized filter sets and/or suitable lasers [7] . Relative MFI Table 1 ). FACS analysis was performed 7 days after transduction. Please note that sufficient resolution is obtained even at low gene transfer rates of about 30%, i.e. at one vector copy per cell. (c) 293T cells transduced as described under 2b (same vectors) were analyzed by fluorescence microscopy 10 days after gene transfer. Pictures were taken using an Olympus IX71 equipped with a color CCD camera. (d) 50,000 CHO cells were transduced in 24-well-plates by spinoculation (1000 xg at RT) in a total volume of 500µl. Based on the obtained gene transfer rates the CHO-specific titer was estimated to be 2 x 10 7 /ml. The data shown in the histogram plot indicates that very high differences in expression levels (up to a factor of 30 based on the MFI) could be obtained after a single transduction round using increasing amounts (0.1 -300 µl) of LeGO-containing supernatant.
To perform cell marking experiments, we produced different LeGO vectors in 293T cells. High to very high titers were readily obtained for all monocistronic LeGO vectors. In fact, we routinely (in three different laboratories in Germany and the United States) obtained titers between 30 × 10 6 and 60 × 10 6 transducing units per ml for LeGO-G2 packaged with the G protein of vesicular stomatitis virus (VSV-G). More complex constructs including internal ribosome entry sites (IRES) and shRNA cassettes were generated at titers >10 6 TU per ml on a regular base.
To directly address the actual impact of the vector design on infectious titers, we produced in parallel a panel of nine different LeGO vectors in 293T cells. Titers obtained for the monocistronic LeGO-G vector (titer range of 3-4 x 10 7 per ml) were set as 100% and the relative titers of all other constructs were calculated. All measured titers were >10 6 /ml, independently of the LeGO construct (Table 1) , albeit a significant influence of vector complexity and the used marker gene was noted. As shown in Table 1 , titers of LeGO vectors bearing an IRES were up to seven times lower than those of comparable monocistronic constructs. Also, specific marker genes (e.g. tdTomato) may have some deleterious impact on vector titers (Table 1 , compare also Fig. 2b) . Thus, for more sophisticated vector constructs, it is important to choose optimal marker genes to ensure clear-cut identification of transduced cells. Based on the routinely produced high titers of LeGO vectors, the proportion of transgene-expressing cells could readily be adjusted from less than 1% to nearly 100% (Fig. 2d) As one would expect, increasing the MOI also resulted in higher expression levels, which are a direct consequence of the number of vector integrations [11] . This was monitored for Chinese hamster ovary (CHO) cells based on the MFI which ranged from 2,697 to 78,645 (Fig. 2d) . These results show that LeGO vectors are also suitable for studying the impact of expression levels of a given gene on cell physiology.
As expected and previously shown with related lentiviral constructs, the high vector titers allowed for efficient transduction of a variety of primary cells. In fact, in cooperation with several groups, we have found very good to excellent gene transfer efficiencies into different cell types. For instance, with monocistronic LeGO-G (MOI: 1.8; please note that the respective titer was determined on BaF/3 cells which are app. 10 times less susceptible towards retroviral transduction than 293T cells) we obtained 44% gene transfer into primary human hematopoietic stem cells in vitro. More than 90% transduction rates were obtained with LeGO-T2 (MOI: 20) and LeGO-G2 (MOI: 25) for primary human endothelial progenitor cells (EPC) (Stockschläder M et al., manuscript in preparation). Murine primary hepatocytes have been shown to be relative resistant towards lentiviral transduction. Using spinoculation (1000 x g, 1 h, room temperature), we were consistently able to transduce more than 60% of freshly isolated murine hepatocytes with LeGO-G2, albeit at comparatively high MOIs of about 80 (Benten D, Weber K, Fehse B, unpublished data). Of note, experiments with primary EPC and hepatocytes were performed with single-round transductions using nonconcentrated supernatant.
The dual gene transfer markers eGFP/BSD and dTomato/BSD facilitate selection of LeGO-transduced cells Although LeGO vectors allow efficient selection of transduced cells based on FACS, the latter may not always be possible or desirable. To overcome this limitation, we chose to couple a drug-selectable protein to the fluorescence protein, to generate a dual transfer marker that should not interfere with the performance or flexibility of the vectors. In keeping with the "building blocks" approach, a cassette containing the relatively small blasticidin-S deaminase (BSD) gene from Aspergillus terreus was generated which transfers resistance to the antibiotic Blasticidin-S [12] . Moreover, the BSD gene sequence was modified to facilitate generation of analogous double markers for most of the fluorescent proteins (EmGFP, EYFP, Venus, Cerulean, tdTomato, and mCherry) present in the LeGO vectors using a one-step cloning procedure (via the unique BsrGI-site).
Remarkably, there was only a limited reduction in titers of LeGO-G/BSD as compared to LeGO-G vectors. Also, the MFI of eGFP expression was slightly reduced, but a bright signal in FACS and microscopic analysis was still readily detectable (Fig. 3a,b) . Of note, the fusion to BSD seems to prevent entry of eGFP into the nucleus (Fig. 3b) . Blasticidin-S selection of transduced cultures was highly effective, resulting in almost pure eGFP-positive populations independently of the initial gene transfer frequencies, i.e. gene copy number (Fig. 3a) . Thus, the novel dual eGFP/BSD gene transfer marker not only allows convenient and inexpensive in vitro selection of transduced cells, but it can also be used to adjust gene expression levels by administrating different vector doses before selection.
To prove whether the principle of dual gene transfer markers may be extended to other fluorescent proteins we next constructed a dTomato/BSD fusion protein. As with eGFP/BSD, the dTomato/BSD marker facilitates detection of transduced cells by FACS and fluorescence microscopy as well as selection with Blasticidin-S (data not shown). As seen with eGFP/BSD, dTomato/BSD is also retained in the cytoplasm (Fig. 3b) 
Multi-color detection of cells transduced with various LeGO-vectors
The main impetus behind establishing a multi-color panel of LeGO vectors was to permit the investigation of deregulated (ectopic and/or down-regulated) expression of several genes in parallel in a single cell. To determine if LeGO vectors do indeed facilitate concurrent detection of several vectors, 293T cells were simultaneously transduced with three different LeGO vectors (LeGO-G2, LeGO-T2, LeGO-Cer). All these marker genes are easily detectable using commercially available flow cytometers with standard blue 488 nm (eGFP, tdTomato) and violet 405 nm (Cerulean) lasers and commonly used filter sets. Transduction rates were adjusted to approximately 50% for each vector. Consequently, about 25% of the transduced cells should be double-positive with either transgene combination. Data shown in Figure 4a are in full agreement with this theoretical prediction. Moreover, about 12.5% of the analyzed cells could be expected to be transduced by all three LeGO vectors. To verify this, eGFP-positive cells in the FACS analysis (P2 gate in the histogram plot) were re-analyzed for co-expression of Cerulean and tdTomato. Again, the percentage of triple-positive cells (13.5%) was in good accord with the predicted value (Fig. 4b) .
It is noteworthy that due to the non-optimal excitation by the blue laser, the fluorescence intensity of tdTomato is underestimated in flow cytometry. In contrast, when assessed by fluorescence microscopy with optimal green excitation light, tdTomato fluorescence appears even brighter than that of eGFP. As an example, 293T cells co-expressing eGFP and tdTomato are depicted in Fig. 4c . 
LeGO vectors simultaneously allow efficient ectopic transgene expression as well as down-regulation of gene expression in single cells
We next asked whether the novel vector system would, as anticipated, simultaneously allow ectopic expression of a "gene of interest" while down-regulating a second. To address this question, a LeGO-iT-based "test" vector ("LeGO-iT-tCD34-GFP2") was designed containing the following elements: the tCD34 gene [13] as the "gene of interest" to express, the tdTomato gene as a marker, and a pSUPER cassette containing an shRNA ("GFP2") against the eGFP gene, the target gene for suppression. A corresponding control vector ("LeGO-iT-tCD34-H1") was constructed with the same elements, including the H1 promotor, but lacking the shRNA. K562 cells constitutively expressing eGFP were transduced with the test and the control vectors. As predicted, tdTomato-positive cells showed both a downregulation of eGFP and expression of tCD34. Indeed, 9 days after transduction, tdTomato-expressing cells showed a circa 80% decrease in eGFP expression as compared to cells transduced with the control vector, as assessed by the MFI (Fig. 5a ). Down-regulation of eGFP was also clearly detectable by fluorescence microscopy in shRNAtransduced, tdTomato-expressing cells (Fig. 5b, lower panel,  boxes) . In contrast, non-transduced as well as control-vectortransduced cells showed high eGFP expression levels (Fig.  5b, upper panel, boxes) . As discussed above, performance of LeGO vectors is dependent on the complexity of the vector genome. Consequently, exploiting all possible expression cassettes of a given LeGO vector will usually result in lower titers and expression levels as compared to monocistronic marking vectors (compare Table 1 and Fig. 2 ). For more sophisticated vector constructs, it is thus important to choose optimal marker genes to ensure clear-cut identification of transduced cells. In the experiment described here, the titer of the complex construct LeGO-iT-tCD34-GFP2 was still high enough (up to 5 x 10 6 /ml as determined on K562 cells) to obtain transduction efficiencies of >80% after a single transduction round with an MOI of app. 10 (Fig. 5a, left  plots) . At such transduction rates, tdTomato expression levels were sufficient to identify transduced cells by FACS. However, it should be noted that separation of gene-modified cells by flow cytometry was more efficient based on tCD34 detection using an APC-labeled antibody (Fig. 5a , right plots). To further test the usefulness of our novel vectors, we performed experiments using primary neural stems cells or NIH-3T3 fibroblasts, with the aim of simultaneously expressing two transcription factors. The helix-loop-helix transcription factor Olig2 and the homeodomain transcription factor Nkx2.2 play critical roles in the specification and maturation of the oligodendrocyte lineage, respectively [14] . Forced expression of Olig2 has been shown to promote differentiation of neural precursor cells or embryonic stem cells into oligodendrocytes, and in combination with Nkx2.2 to induce ectopic formation of oligodendrocytes in the embryonic chick spinal cord [15, 16, 17] .
For ectopic expression of Olig2 and/or Nkx2.2 in NIH-3T3 and neural stem cells, we generated the ecotropic vectors LeGO-iT2-Olig2 and LeGO-iG2-Nkx2.2, encoding Olig2 together with tdTomato and Nkx2.2 together with eGFP. Titers for both vectors were in the range of 3 to 5 x 10 6 per ml. Using MOIs between 50 and 65 we were able to transduce more than 25% of the neural stem cells with Olig2 and app. 50% with Nkx2.2, as estimated based on the detection of tdTomato and eGFP, respectively, by FACS analysis. For LeGO-iT2-Olig2 gene transfer rates appeared to be even higher when assessed by fluorescence microscopy. Olig2 and Nkx2.2 were both easily detectable by immunofluorescence staining in the nuclei of tdTomato-and eGFP-positive NIH-3T3 cells whereas parental NIH-3T3 cells did not express those transcription factors (Fig. 6) . When NIH-3T3 cells were simultaneously transduced with the two different LeGO vectors, cells co-expressing both tdTomato and eGFP, as well as cells expressing only tdTomato or eGFP, were detectable (Fig. 6i-l) . For forced co-expression of Olig2 and Nkx2.2 in neural stem cells, cells were first transduced with LeGO-iT2-Olig2. Cells expressing tdTomato were then isolated by FACS and clonally expanded (Fig. 6m,q) . Subsequent transduction with LeGOiG2-Nkx2.2 ( Fig. 6 n,r) resulted in the presence of cells coexpressing both marker genes (Fig. 6m-t) .
DISCUSSION
A large repertory of different gene transfer vectors is available for various types of research and for clinical purposes. Those include viral and non-viral, integrating and episomal vectors [18, 19] . In particular, different lentiviral vector systems have been developed and show excellent performance for many applications [1, 2, 4] . We have redesigned a third-generation lentiviral vector, to create a flexible vector system that allows simultaneous expression and/or suppression of several genes in a single cell to facilitate the analysis of gene networks. The strength of this system lies in its versatility, allowing optimization for various cell systems and different analytical applications.
To facilitate the use of lentiviral vectors in a wide spectrum of cell types, two strategies can be employed. First of all, transcription rates in specific cell types can be improved by using universal strong promoters. In the LeGO vector system, we replaced the CMV promotor in the original LentiLox 3.7 vector with the SFFV promoter. This indeed led to a much better transgene expression in primary and established hematopoietic cells. In addition, the vectors showed good to excellent performance in many different cell lines representing various tissues (e.g. HepaRG, K-562, Ba/F3, Jurkat, CHO, NIH-3T3, HEK-293T, IMR5, SKNSH), but also in primary neural, hematopoietic and endothelial stem & progenitor cells as well as hepatocytes. Secondly, transduction efficiencies of various cell types can be greatly improved by utilizing different envelope proteins for pseudotyping. In addition to using the G protein of vesicular stomatitis virus (VSV-G), the wild-type or altered env proteins of other retroviruses (e.g. GALV, RD114, or even ecotropic MuLV) can be used [20, 21, 22] . By using the most efficient infectious pseudotype for the given cell system, we have obtained high to very high gene transfer efficiencies into the above named primary and cultured cells. It is noteworthy that cooperation partners have shown efficient in vivo transduction of murine hematopoietic stem cells after direct vector injection into the bone marrow (N. Drize and I. Nifontova, Hematological Scientific Center, Moscow, personal communication, 26 November 2007) . In this context, the possibility of pseudotyping LeGO vectors with the ecotropic MuLV, as pioneered by Schambach et al. [22] , is particularly interesting since this allows experiments using mouse cells with lentiviral vectors under biosafety level-1 containment.
To permit simultaneous expression and/or suppression of several genes in one and the same cell as a mean to facilitate the analysis of gene networks, LeGO vectors not only include expression cassettes for both transgenes and shRNAs, but different vectors are detectable within one single cell by using various marker genes. Other potential applications for our multicolor vector system include the analysis of competitive survival of differently manipulated and gene-marked cells, e.g. after hematopoietic stem cell transplantation [23] , or studying interactions of different cell types in vivo, e.g. tumor and stroma cells.
Overall, eleven different markers were included, detectable in five separate detection channels in suitable flow cytometers. The marker genes used have been optimized by a number of different groups [24, 25, 26] The final requirement for the novel vectors was flexibility. Since the vector is "just another tool" -it should be easily adapted to particular experimental needs. Therefore we designed the vectors according to the popular Lego ® "building blocks" principle. Each LeGO vector consists of several modules, the promotor/enhancer, the transgene, the marker gene and the shRNA expression cassette, each of which can be easily replaced in the basic constructs using standard restriction enzymes.
An obvious concern for complex vector constructs containing several expression cassettes is the question of sufficient vector titers. Indeed, titers for bicistronic LeGO vectors (containing IRES) were significantly lower than for monocistronic vectors. However, even for the most sophisticated constructs, the non-concentrated titers were usually >10 6 TU per ml, which should be sufficient for most ex vivo applications. Concentrating vector supernatant, e.g. by centrifugation, would further increase the infectious titer.
In conclusion, the LeGO vector system combines numerous advantages -including efficient transfer and stable expression of transgenes as well as shRNAs in different target cells to facilitate functional gene analyses. Incorporation of a wide panel of fluorescent markers (with or without drug-selectability) ensures identification of multiply transduced cells. Finally, the modular LeGO design allows quick adaptation to current experimental needs using standardized cloning procedures. Thus LeGO vectors represent interesting tools for the analysis of complex gene networks in various in vitro and in vivo models.
METHODS
Cloning of LeGO vectors. Standard molecular cloning techniques were used to generate the LeGO vectors based on the plasmid pLentiLox 3.7 [4] . All PCR-amplified elements have been verified by DNA sequencing. Vector maps and sequence data for all vectors are available at http://www.LentiGO-Vectors.de. BSD was amplified from Vivid Colors™ pcDNA6.2/EmGFP-Bsd/V5-DEST (Invitrogen, Karlsruhe, Germany). cDNAs for eGFP, eYFP, dsRed2, dsRedExpress (all from Clontech, Heidelberg, Germany), EmGFP (Invitrogen, Karlsruhe, Germany), Cerulean [25] , Venus [24] , tdTomato and mCherry [26] were used as PCR templates. The used shRNA against eGFP was previously described [27] . The EMCV-IRES was cloned out of pMys-IG [28] . The SFFV enhancer/promoter was PCRamplified out of pSF91-iGFP (R780) [5] .
Generation of viral particles. Cell-free viral supernatants were generated by transient transfection of PhoenixGP or 293T packaging cells as described [29] , using the 3 rd generation packaging plasmids pMDLg/pRRE and pRSVRev [2] . The following Env or G proteins were used: ecotropic MuLV [30] , RD114/TR [21] , GALV-C 4070A , or VSV-G [29] . Supernatants containing pseudotyped vector particles were titrated using suitable target cells (ecotropic MuLV: NIH3T3 cells; GALV-C 4070A , RD114/TR, VSV-G: 293T cells, if not stated otherwise). Initial gene transfer rates were analyzed at least 48 hours after transduction by fluorescence activated cell sorting (FACS). Titers of up to 9 x 10 7 VSV-G pseudotyped virus particles (for LeGO-G2) per ml un-concentrated supernatants were obtained.
Cell culture and lentiviral gene transfer. All cells were cultured in their respective growth media supplemented with penicillin/streptomycin. For transduction, target cells were incubated at 1x10 5 /ml in the presence of 8µg/ml polybrene and centrifuged at 1000×g for 1 hour at room temperature in the presence of viral supernatant at MOIs adjusted in accordance with the experimental needs [29] .
Neural stem cells were isolated from the cerebral cortex of 14-day-old mouse embryos and expanded as adherent cells on either gelatine-or Matrigel-coated cell culture plastic in NS-A medium (Euroclone, Milan, Italy) supplemented with modified N2, epidermal growth factor and fibroblast growth factor-2 (both from Tebu, Frankfurt, Germany) [31] .
FACS and immunocytochemical analysises. FACS data were acquired using the following cytometers (all from Becton Dickinson, Heidelberg, Germany): FACSAria (405/488/635nm lasers), FACSCanto (405/488/635nm lasers) or FACSscan (488nm laser) equipped with default filter sets. The FACSAria was also used for cell sorting. For immunocytochemical analysis, cultures were fixed in PBS containing 4% paraformaldehyde, blocked in PBS containing 0.1% Triton and bovine serum albumin and incubated with antibodies to olig2 (R&D Systems, Wiesbaden-Nordenstadt, Germany) or Nkx2.2 (Developmental Studies Hybridoma Bank, University of Iowa, USA), followed by incubation with appropriate secondary antibodies (Dianova, Hamburg, Germany) and Hoechst 33258 (Sigma, Taufkirchen, Germany).
